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a  b  s  t  r  a  c  t

Liver  and  breast  cancer  are  the  most  traumatic  diseases  because  they  affect  the  major  organs  of the  body.
Nanomedicine  recently  emerged  as  a better  option  for the treatment  of  these  deadly  diseases.  As  a result,
many  nanoparticles  have  been  used  to treat  cancer  cell  lines.  Of the various  nanoparticles,  zinc  oxide
exhibits  biocompatibility.  Therefore,  the aim  of the  present  study  was  to investigate  the  activity  of zinc
oxide  nanoparticles  (ZnO-NPs)  against  HepG2  and  MCF-7  cells.  The  NPs  (∼13 ±  2  nm)  were  prepared  via
a  non-protonated  chemical  route  and  were  well-characterized  through  standard  techniques.  The  study
showed that  treatment  with  NPs  is  notably  effective  against  the  proliferation  of  HepG2  and  MCF-7  can-
cer  cells  in  a dose-dependent  manner.  The  MTT  (3-(4,5-dimethyl  thiazol-2-yl)-2,5-diphenyl  tetrazolium
bromide,  a tetrazole)  assays  revealed  the  concentration-dependent  cytotoxic  effects  of  NPs  in range  of
2.5–100 �g/ml.  HepG2  and  MCF-7  cells  were  exposed  to ZnO-NPs  and  exhibited  a  significant  reduction
in  their  cell  viability  (95%  and 96%;  p <  0.05)  in  response  to  a very  low  concentration  (25  �g/ml)  of  the
ZnO-NPs;  this  finding  was  confirmed  with  FACS  (fluorescence-activated  cell  sorting)  data.  The  reduction
in  cell  viability  in response  to NP  treatment  induces  cytotoxicity  in  the  cultured  cells.  The  quantitative

RT-PCR  (real-time  polymerase  chain  reaction)  results  demonstrate  that  the  exposure  of  HepG2  cells  to
ZnO-NPs  results  in  significant  upregulation  of the  mRNA  expression  level  of  Bax,  p53,  and  caspase-3  and
the  down  regulation  of  the  anti-apoptotic  gene  Bcl-2.  The  NPs  were  also  tested  against  five pathogenic
bacteria  through  the  disk  diffusion  method,  and  their  antibacterial  activities  were  compared  with  that  of
ZnO salt.
. Introduction

Nanobiotechnology/bionanotechnology, which is the fastest
merging field of material science, connects several branches of
asic sciences, including biology, chemistry, biotechnology, mathe-
atics material science, and engineering. The technology develops

anofabricated materials with a very small diameter (1–100) to
anipulate and transform various types of biological systems

1–9]. Bionanotechnology exhibits vast applications because it

s largely used in cosmetics, skin care products, drug delivery,
anomedicines, cancers, molecular biology, markers, tissue engi-
eering products, non-viral gene carriers, clinical bio-analytical
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diagnostics, and therapeutics because chemotherapy, radiation,
and surgery were the old techniques used to reduce cancers [1–10].
Of the wide range of applications of nanobiotechnology, it is widely
applied to reduce cancers with the use of inexpensive inorganic
nano-scale materials. Nanomaterials, which have very small diam-
eter (∼30 nm), exhibit unique physicochemical characteristic due
to their size; these include a high surface area, low cost, enhanced
reactivity, ability to easily enter cells, and ability to affect vari-
ous types of biological systems [1–12]. It is known that cancer is
a heterogeneous and complex disease that occurs when the nor-
mal  cell proliferation controls are lost. The positive/normal cells
change into cancer cells through three distinct phases, i.e., initia-
tion, promotion, and progression. Several reports have reported the

toxicity of nanostructures, which kill human cancerous cells and
are very useful for protection against cancers [13–15]. Of the var-
ious types of cancers, hepatocellular carcinoma is the fourth most
common malignant tumour in the world [16,17]. The incidence
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f this disease is very high in many countries, such as the United
tates, United Kingdom, Japan, and China. The mortality rate asso-
iated with this disease ranks second in China among all tumours.
nother prevalent cancer is breast cancer, which is commonly
iagnosed among females. Millions of women are fighting from
reast cancer worldwide, and this disease corresponds to more
han one-fifth of the global cancer burden. Several developed and
eveloping countries are affected ranging from an age-parameter
uch as 20.7 in Uganda to 90.7 in the USA per 100,000 [18]. In
urope, this rate is higher, i.e., 421,000 cases of breast cancer were
stimated in 2008 [19]. A total 184,450 new breast cancer cases
ppeared during the period of 2008–2011 [20]. Several therapies,
uch as chemotherapy, radio therapy, and immune therapy, have
een adopted to protect against this cancer, but the outcome rates
emain negligible [21,22]. In a new scientific scenario, various types
f nanostructures, such as the nanostructures of metal oxides, par-
icularly zinc oxide (ZnO), which is popularly known as a family
f nanostructures, have received much attention because of their
ow cost, effectiveness, and vast applications in various fields, such
s photo-catalysis, sunscreen, cosmetic products, optoelectronics,
olar cells, sensors, piezoelectric, light emission, and antibacterial
gents [11,21–24]. The semiconductor metal oxides (ZnO), which
unction well for reflecting light, require that the particle size of
nO, among others materials (e.g., alumina, ceria, and zirconia),
e approximately 20–50 nm.  ZnO (3.37 eV) has a band gap similar
o that of TiO2 (3.23 eV) and can thus easily enter human cells. In
nzyme and protein solutions, Zn2+ ions play a vital role by creat-
ng ionic signals among various intra- and intercellular organelles.
t also interacts with proteins, and free Zn2+ ions can cause cytotox-
city [25,26]. The various-shaped nano and microstructure of ZnO,

hich are capped with multiple-sized nanospikes, imitate filopo-
ia cells and can target HSV-1 pathogenesis [27]. Antoine et al. [28]
emonstrated that the zinc oxide tetrapod-like structures synthe-
ised via a flame process have the capacity to block the entry and
pread of the HSV-2 virus into target cells [28]. The prepared tetra-
od ZnO nanostructures have the ability to neutralise HSV-2 virions
28]. The benefits of using an inorganic nanomaterial compared
o an organic material include that the inorganic nanomaterial is
table, easy to fabricate, less toxic, heat-resistant, and sufficiently
urable in the absence of light exposure [26,29]. The development
f methods to prepare NPs with reduced toxicity will be useful for
arious applications, such as cell imaging, drug delivery, and can-
er therapy [14,15]. The present study was designed to investigate
he cytotoxicity of well-characterised ZnO-NPs and their effects on
he cancer HepG2 (liver cancer) and MCF-7 (breast cancer) cells.
he HepG2 cell line was selected because liver cancer is a major
ealth problem worldwide [30,31]. The zinc oxide NPs were used
s the target material to reduce the number of cancer cells. In this
tudy, we investigated the detailed characterization of the prepared
Ps. The cell viability and apoptosis in presence of NPs were ana-

ysed through the MTT  assay and flow cytometry, respectively. The
ata were consistent with the RT-PCR analysis. The prepared NPs
ere also tested against five pathogens, and the results obtained
sing the disk diffusion method revealed that the NPs achieved
ood inhibition of microbial strains compared with zinc salt.

. Experimental

.1. Materials and methods

.1.1. Synthesis of zinc oxide nanoparticles (ZnO-NPs)

The NPs of ZnO were successfully synthesised with the use of

inc acetate dihydrate (Zn(Ac)2·2H2O) and p-xylene (C6H4(CH3)2).
he solution was prepared in 100 ml  of MeOH under constant stir-
ing. In a typical experiment, the zinc salt (0.3 M)  was first diluted
Biointerfaces 117 (2014) 267–276

in 100 ml  of MeOH, and the mixture stirred for 30 min  for complete
dissolution of the zinc salt. p-Xylene (20 ml)  was then poured into
the mixture, and the pH of the solutions (Thermo Scientific, UK) was
measured until it reached ∼6.76. The stirred solution was  trans-
ferred to a three-necked refluxing pot, refluxed at ∼65 ◦C for 6 h,
and cooled to room temperature. The transparent solution changed
to a white suspension after 5 h of reflux, but the complete precipi-
tate was achieved after 6 h. The chemicals used for the preparation
of NPs ((Zn(Ac)2·2H2O) and p-Xylene (C6H4(CH3)2) were purchased
from Aldrich Chemical Co. Ltd. and used without further purifica-
tion. The organic impurities were removed from the solution via
centrifugation for 10 min  at 4000 rpm/min (FLETA 5, Hamlin Sci-
ence and Industrial Co. Ltd, U.K.). The obtained white precipitate
was washed with methanol and dried on a Petridish at room tem-
perature. The obtained white powder sample was  characterised in
terms of its morphological, chemical, and optical properties.

2.2. Characterization of NPs

The obtained NPs were characterised using the standard char-
acterisation tools. For example, the morphology was observed
via FESEM (field emission scanning electron microscopy) and
TEM (transmission electron microscopy, Jeol JSM-2010, Japan) as
described in our previously published papers [23,24]. The crys-
tallinity of the NPs was  observed with XRD (X-ray diffraction
pattern, Rigaku, Japan) and CuK� radiation (� = 1.54178 Å) with a
Bragg angle ranging from 20◦ to 65◦ at a 6◦ min−1 scanning speed.
The chemical composition of the synthesised powder was  charac-
terised through FTIR spectroscopy in the range of 4000–400 cm−1.
Additionally, the optical properties of the sample were also ana-
lysed using a UV-Visible spectrophotometer (Shimazu) in the range
of 200–600 nm at room temperature.

2.3. Cell culture

HepG2 and MCF-7 cells were grown in DMEM/MEM culture
medium supplemented with 10% foetal bovine serum (FBS), 0.2%
sodium bicarbonate, and an antibiotic–antimycotic solution (100×,
1 ml/100 ml  of medium). The cells were grown in a humidified envi-
ronment with 5% CO2 and 95% atmosphere at 37 ◦C. Prior to use in
the experiments, the cells were assessed to determine their cell
viability using the Trypan blue dye exclusion assay following the
manufacturer’s protocol, and only those batches [32] showing a
viability of more than 95% were in the study. HepG2 and MCF-7
cells were used between passages 10 and 12 for the NP treatments.

2.4. Reagents and consumables

MTT and all of the specified chemicals were purchased from
Sigma Chemical Company Pvt., Ltd. (St. Louis, MO,  USA). DMEM
and MEM  culture media, the antibiotics-antimycotic solution, and
foetal bovine serum were purchased from Invitrogen (USA). The
culture wares and other plastic consumables used in the study were
procured commercially from Nunc (Denmark).

2.5. MTT  assay

The percent cell viability was assessed using the MTT  assay
with the following protocol [33]. In brief, the cells (1 × 104) were
seeded in 96-well culture plates and allowed to adhere for 24 h
under a high-humidity environment with 5% CO2 and 95% O2
atmosphere at 37 ◦C. The cells were then exposed to various con-

centrations (2.5–100 �g/ml) of NPs for 24 and 48 h. After exposure,
MTT  (5 mg/ml  of stock in PBS) was added (10 �l/well of 100 �l of
cell suspension), and the plate was  incubated for 4 h. At the end of
the incubation period, the reaction mixture was carefully removed,
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and the colonies were counted. After incubation, the diameters of
ig. 1. FESEM and TEM images of ZnO-NPs. (a) Low-magnification FESEM image; (
ynthesised at ∼65 ◦C; (d) high-magnification TEM image showing the distance bet

nd 200 �l of DMSO was added to each well and mixed gently. The
lates were maintained on a rocking shaker for 10 min  at room
emperature, and the absorbance was read at 550 nm using a multi-
ell micro-plate reader (Multiskan Ex, Thermo Scientific, Finland).
ntreated sets were also run under identical conditions and served
s the controls.

.6. Flow cytometry

.6.1. Flow cytometric analysis of cell cycle progression
MCF-7 and HepG2 cells treated with Milli-Q (control) and ZnO-

Ps (at concentrations ranging from 2.5 to 100 �g/ml and 5 to
5 �g/ml, respectively) for 24 respectively were harvested and cen-
rifuged at 3600 × g for 5 min. The pellets were resuspended in
00 �l of ice-cold 70% ethanol and incubated at 4 ◦C for 1 h. After
wo successive washes with PBS with centrifugation at 3600 × g
or 5 min, the cell pellets were resuspended in PBS and stained with
0 �g/ml of propidium iodide (PI) containing 0.1% Triton X-100 and
.5 mg/ml  RNAase for 1 h at 30 ◦C in dark. The fluorescence of the
I was measured by flow cytometry using a Beckman Coulter flow
ytometer (Coulter Epics XL/Xl-MCL, Miami, USA) through a FL-

 filter (585 nm), and 10,000 events were acquired [34]. The data
ere analysed using the Coulter Epics XL/XL-MCL System II soft-
are (version 3.0). The cell debris characterised by a low FSC/SSC
as excluded from the analysis.

.7. Total RNA isolation and quantitative real-time PCR analysis
f apoptotic markers

For the isolation of the total RNA, HepG2 cells were cultured
n six-well plates and exposed to ZnO-NPs at a concentration of
00 �g/ml for 24 h. At the end of the exposure period, the total
NA was extracted using an RNeasy Mini kit (Qiagen) accord-
ng to the manufacturer’s instructions. The concentration of the
xtracted RNA was determined using a Nanodrop 8000 spectropho-
ometer (Thermo-Scientific), and the integrity of the RNA was
isualised on a 1% agarose gel using a gel documentation system
h–magnification FESEM image. (c) Low-magnification TEM image of the ZnO-NPs
two lattice fringes, which is approximately 0.265 nm.

(Universal Hood II, BioRad). The first-strand cDNA was synthe-
sised from the total RNA by reverse transcription using the
oligo-p(dT)12–18 primer and MLV  reverse transcriptase (GE
HealthCare, UK). The following sets of specific primers were
employed for the amplification of each cDNA: p53, caspase 3,
Bax, and BCl2. The expression levels were normalised to the
expression level of the HPRT gene, which was used as an
internal housekeeping control. Real-time quantitative PCR (qRT-
PCR) was performed using the Quanti Tect SYBR Green PCR
kit (Qiagen) in a Light Cycler® 480 instrument with a 96-well
plate (Roche Diagnostics, Rotkreuz, Switzerland). The results
were obtained from three subsamples, and the PCR assay was
repeated twice for each sample. A relative quantification anal-
ysis was  performed using the Roche LightCycler®480 software
(version 1.5). The mRNA expression level normalised to that
of the HPRT gene was  calculated, and the data were subjected
to a statistical analysis to identify any significant differences
between the cells treated with ZnO-NPs and the untreated control
cells.

2.8. Antibacterial activity of zinc salt and the prepared ZnO-NPs

The salt of zinc oxide (zinc acetate dihydrate (Zn(Ac)2·2H2O)
and the prepared NPs of zinc oxide were tested to determine their
antimicrobial activities against E. coli, S. aureus,  P. aeruginosa,  B. sub-
tilis, and S. acidaminiphila. In a typical experiment, the pathogenic
bacteria were maintained on nutrient broth media in a Petri dish,
and after solidification of the agar layer, ∼10-mm wells were cut
from the agar layer using a sterile 1-ml micropipette tip. Then,
200 �l of each solution of ZnO salts and the prepared ZnO-NPs were
poured into the wells. The control solution was used to check the
formation of colonies. The plates were incubated overnight at 37 ◦C,
the inhibition zone (mm)  were measured, and the percentage sur-
vival was determined. The percent survival of the cells treated with
the zinc salt was compared with that of the cells treated with the
prepared NPs.
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Table 1
Calculation of the particle size of the ZnO-NPs from the FWHM of the X-ray diffrac-
tion pattern.

S.N. Peak
position

FWHM
(in rad)

cos � Particle
size (nm)

31.69◦ 0.0123 0.9622 11.63

3

3
a

F
n
s
t
Z
i
s
f
t
o
d
g
w
a
i
w
o

3

o
c
t
a
m
p
d
c
o
o
Z
w
p
u
o

3
s

F
4
a
t
t
a
p
a
m

4000 350 0 300 0 2500 200 0 150 0 1000 500

30000

40000

50000

60000

70000

80000

90000

10000 0

OH CO2

C=O C-O

ZnO

T
ra

ns
m

itt
an

ce

Wavele ngt h(c m-1) 

(b)

200 300 400 500 600
0.0

0.1

0.2

0.3

0.4

0.5

In
te

ns
ity

 (a
.u

.)

Wav e number( nm)

351n m 

(c)

20 25 30 35 40 45 50 55 60 65

0

2000

4000

6000

8000

10000 ZnO-Nan opar ticles

(1
01

3)

(1
12

0)

(1
01

2)

(1
01

1)
(0

00
2)

(1
01

0)

In
te

ns
ity

 (a
.u

.)

Brag g an gle (2θθ,Degree )

(a)
ZnO-NPs 34.33◦ 0.0101 0.9554 14.30
36.17◦ 0.0102 0.9507 11.54

. Results and discussion

.1. Morphological study of grown NPs by FESEM and TEM
nalysis

Fig. 1a and b shows the morphology of the grown NPs through
ESEM at low and high magnifications, respectively. At lower mag-
ification, it is very clear that the obtained NPs are spherical in
hape (Fig. 1a) and are found as aggregated particles. In con-
rast, Fig. 1b shows the high-magnification image of the prepared
nO-NPs. These images demonstrate that the average size of the
ndividual NPs is approximately 13 ± 2 nm.  To clarify the average
ize of the NPs and their morphology, the powder sample was
urther analysed through TEM with selected area electron diffrac-
ion (SAED) patterns. Fig. 1c shows a low-magnification TEM image
f the ZnO-NPs that is clearly consistent with the size of the NPs
etermined through the FESEM observations and reveals that the
rown ZnO-NPs are spherical in shape. The size of each NP obtained
as in the range of ∼13–15 nm.  Moreover, the NPs exhibit smooth

nd clean surfaces. Fig. 1d shows a high-resolution TEM (HR-TEM)
mage of the NPs. The lattice fringes are separated by ∼0.265 nm,

hich is equal to the lattice constant of ZnO and indicates that the
btained structure exhibits a wurtzite phase.

.2. X-ray diffraction pattern (XRD)

The crystalline nature of the grown powder was analysed based
n its X-ray diffraction pattern (Fig. 2a) under the above-described
onditions. The spectra clearly show that the diffraction peaks in
he pattern are indexed at the ZnO with lattice constants a = 3.249
nd c = 5.206 Å and are well matched with the available Joint Com-
ittee on Powder Diffraction Standards (JCPDS 36-1451). No other

eaks related to impurities were detected in the spectra within the
etection limit of the X-ray diffraction instrument, which further
onfirms that the synthesised powder is pure ZnO. The crystallinity
f the obtained ZnO-NPs increases with an increase in the intensity
f the 〈1 0 1 0〉, 〈0 0 0 2〉, and 〈1 0 1 1〉 peaks. The particle size of the
nO-NPs was calculated using the well-known Scherer formula [35]
ith the FWHM of the X-ray diffraction pattern, and the value of the
eak position is shown in Table 1. The calculation was performed
sing a Gaussian and Lorentzian fitting program. The average value
f the particle sizes was ∼13 nm.

.3. FTIR spectroscopy and chemical reaction mechanism of
ynthesised ZnO-NPs

The functional quality of the product was analysed through
TIR spectroscopy. The spectrum was acquired in the range of
00–4000 cm−1 (Fig. 2b). The signal of the ZnO band was  observed
t 427 cm−1 [36,37]. The bands at 3200–3600 cm−1 correspond to
he O–H mode of vibration. The C O stretching mode of vibra-
ion was observed at 1597 cm−1 and 1354 cm−1, and these peaks

re related to C O and C–O, respectively [36,37]. The synthesised
owder was also analysed using a UV–visible spectrophotometer
t room temperature to determine the optical properties of the
aterial. A broad band was observed in the spectrum at 351 nm
Fig. 2. (a) X-ray diffraction pattern, (b) FTIR spectrum, and (c) UV-–vis spectrum of
grown ZnO-NPs.

(3.53 eV, very close to the band gap of pure ZnO (3.37 eV), which is
a characteristic band for wurtzite, hexagonal, pure ZnO. No other
peak was  observed in the spectrum, which again confirms that the
synthesised products are pure ZnO (Fig. 2c) [36,37].

Based on the above-described characterisations, such as the
X-ray diffraction pattern, FESEM, TEM, FTIR, and UV–visible spec-
troscopy, we propose a brief mechanism for the formation of the
spherical-shaped ZnO-NPs. As described in Section 2.1, a solution
of p-xylene (20 ml  mixed with MeOH (80 ml)) was added to the

source material of the NPs (zinc acetate dihydrate (Zn(Ac)2·2H2O))
under continuous stirring with methanol as the solvent. The solu-
tion appeared clear without any precipitate at pH ∼6.76 and was
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ransferred to the refluxing pot and refluxed at 65 ◦C. As the
efluxing time increased, a white precipitate started to form until
t was completed formed after 6 h. Under these conditions, we

ay  assume that the hydrogen bond between –CH3 (alkyl group)
C6H4(CH3)2) reacts with the acetate group of zinc acetate to form
he zinc complex C6H4Zn and methyl ethanoate (CH3COOCH3) (Eq.
1)). An increase in the reflux time of this solution increases the
mount of solvent (MeOH) that directly reacts with the formed
omplex (C6H4Zn) to form Zn(OH)2 and regenerate xylene (Eq.
2)). Zinc hydroxide ions exist in the solution as the ionic forms
n2+ and 2OH− (Eq. (3)). At a higher refluxing temperature, the
inc and hydroxyl (OH−) ions change into pure zinc oxide (ZnO)
nd water (Eq. (4)). The by-product water molecule from the reac-
ion is leached out during the centrifugation and drying processes
23,24]. It is assumed that the initially formed Zn(OH)2 in the solu-
ion result in the aggregation of nuclei and that the acquisition of
ufficient thermal energy from the refluxing pot leads to the for-
ation of small active molecules of ZnO. These initial or active

nO nuclei/particles are expected to be the building blocks for the
ormation of the spherical-shaped ZnO-NPs [23,24].

n(CH3COO)2 · 2H2O + C6H4(CH3)2
CH3OH−→ C6H4Zn + 2CH3COOCH3

(1)

6H4Zn+2CH3OH → Zn(OH)2 + 2C6H4(CH3)2 (2)

n(OH)2 → Zn2+ + 2OH− (3)

n2+ + 2OH− → ZnO + H2O (4)

.4. Microscopic observation of HepG2 and MCF-7 cancer cells
ith ZnO-NPs

The proliferation of the cancer HepG2 and MCF-7 cells in the
resence of various concentrations (2.5–100 �g/ml) of the pre-
ared ZnO-NPs was observed through microscopy after different

ncubation (24 and 48 h) periods. Fig. 3 shows the proliferation of
epG2 cancer cells and their interactions with different concen-

rations of ZnO-NPs (Fig. 3a). The data clearly show that the cells
ere mononucleated on day 1; however, when the cells reached
early 50% confluence and were treated with various concentra-
ions of the prepared NPs, the cell density was reduced due to their
nteraction with the NPs in a dose-dependent manner. No signif-
cant change was observed at the NP concentrations of 2.5 and

 �g/ml, but an increase in the concentration of the NPs from 10
o 25 �g/ml reduced the growth of the cancer cells. The cells were
ompletely damaged at the two highest concentrations (50 �g/ml
nd 100 �g/ml) of nanoparticles (Fig. 3b). The same observations
ere also made for MCF-7 cells treated with the prepared NPs

Fig. 4a).

.5. Zinc oxide nanoparticle-induced cytotoxicity (MTT assay)

The MTT  solution is largely used to determine the viability of
ells and leads to mitochondrial dysfunction [38]. The yellow MTT
s reduced into a purple formazan salt in the mitochondria of liv-
ng cells. Consequently, a solubilisation buffer solution (usually
imethyl sulphoxide (DMSO)) was added to dissolve the insoluble
urple formazan product into a colored solution. The absorbance
f the colored solution was then quantified by a spectrophotome-
er at a certain wavelength (usually ∼550–570 nm). The absorption
aximum depends on the solvent employed, and the percentage
%) viability is calculated according to the following equations:

 viability =
[

(total cells − viable cells)
total cells

]
× 100
Biointerfaces 117 (2014) 267–276 271

Or

% viability = OD(optical densities) in sample well
OD in control well

× 100

HepG2 and MCF-7 cells were exposed to ZnO-NPs
(2.5–100 �g/ml) for 24 and 48 h, and the cytotoxicity was
measured by MTT  assays. The obtained results show that the
cell viability was reduced by the ZnO-NPs and that the degree
of reduction was  concentration/dose-dependent. As determined
through the MTT  assay, the HepG2 cell viability was observed at
24 h 99%, 97%, 59%, 8%, 6%, and 5% (Fig. 3a and b) and at 48 h 97%,
97%,47%,5%, 4%, and 3% in response to treatment with 2.5, 5, 10, 25,
50, and 100 �g/ml NPs, respectively (p < 0.05 for each); in contrast,
the MCF-7 cell viability was  observed at 24 h 94%, 93%, 92%, 7%, 6%,
and 4% and at 48 h to 91%, 87%, 79%, 4%, 3%, and 3% (Figs. 4a and
4b). The data obtained from the HepG2 and MCF-7 cells treated
with NPs are clearly consistent with the microscopic observations
(Figs. 3a and 4a).

3.6. Evaluation of the death of various cancer cells

3.6.1. Death of MCF-7 cells induced by ZnO-NPs
MCF-7 cells treated with ZnO-NPs (100 �g/ml) exhibited sig-

nificant induction of apoptosis, as determined by the appearance
of almost 26% of the cells in the sub G1 phase of the cell cycle
compared with 2.8% cells of the untreated control cells (Fig. 5a).
Compared with the untreated control, 20% and 23.1% increases
in the percentage of cells in the G2/M phase were observed after
treatment with 25 and 50 �g/ml NPs, and these numbers gradually
declined to 11% with treatment with 100 �g/ml ZnO-NPs. Com-
pared to the untreated control. MCF-7 cells treated with NPs as
concentrations of 25, 50, and 100 �g/ml also exhibited significant
decline of 5.8%, 6.7%, and 8.8% cells in the normal G1  phase (Fig. 5b).
Treatment with ZnO-NPs at the lower doses of 2.5–10 �g/ml did not
result in any significant changes in the cell cycle of MCF-7 cells.

3.6.2. Death of HepG2 cells induced by ZnO-NPs
HepG2 cells treated with 25 �g/ml ZnO-NPs exhibited induc-

tion of apoptosis, as evidenced by the appearance of a significant
increase in the number of cells in sub G1 phase (12.2%) compared
with the 8.4% cells that were observed in the untreated control
(Fig. 6a). HepG2 cells treated with 25 �g/ml ZnO-NPs exhibited a
significant 38.9% increase in the number of cells in the G2 M phase
compared to 28.8% of the cells in the control population. At the con-
centration of 25 �g/ml, a significant decline of 24% in the number
of HepG2 cells in the G1 phase was observed (Fig. 6b). Treatment
with ZnO-NPs at the lower doses of 5 and 10 �g/ml did not result
in any significant changes in the cell cycle of HepG2 cells.

3.7. RT-PCR results

In this study, quantitative real-time PCR was utilised to ana-
lyse the mRNA levels of apoptotic markers (e.g., p53, Bax, bcl-2,
and caspase-3) in HepG2 cells exposed to ZnO-NPs at a concen-
tration of 50 �g/ml for 24 h. The results showed that the mRNA
levels of these apoptotic markers were significantly altered in
HepG2 cells due to ZnO-NP exposure (Fig. 7, p < 0.05 for each).
The mRNA level of the tumour suppression gene p53 was 1.9-
fold higher and the mRNA expression levels of the pro-apoptotic
gene Bax and the anti-apoptotic gene bcl-2 were decreased (2.7-
and 2.5-fold, respectively) in the exposed cells compared with the
untreated cells. Moreover, we  examined the effect of ZnO-NPs on

the mRNA expression level of caspase-3 and found that it was  1.8-
fold higher in the treated cells compared with the untreated control
cells. We  analysed the mRNA expression levels of the p53, Bax,
bcl-2, and caspase levels in HepG2 cells in response to ZnO-NP
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ig. 3. (a) Microscopic images of HepG2 cells after treatment with ZnO-NPs for 24 

o  various concentrations of ZnO-NPs for 24 and 48 h. The values are the mean ± SD
cale  bar = 1 mm).

xposure because apoptosis is controlled through these pathways.
he quantitative real-time PCR results show that the ZnO-NPs
pregulate the mRNA levels of the cell cycle checkpoint protein
53 and the pro-apoptotic protein Bax. The expression of the anti-
poptotic protein bcl-2 was downregulated in cells exposed to
nO-NPs. Furthermore, the upregulation of p53 and the down-

egulation of bcl-2 family members, such as Bax, induces the
ermeabilisation of the outer mitochondrial membrane, which
eleases soluble proteins from the intermembrane space into the
ytosol, where they promote caspase activation [39,40].
8 h, (b) Mitochondrial activity (assessed by the MTT assay) in HepG2 cells exposed
ree independent experiments. *p < 0.01 and **p < 0.001 vs. the control group (each

3.8. Antibacterial study

The bactericidal activities of the zinc oxide salt and the pre-
pared ZnO-NPs against the tested pathogens were tested using the
agar diffusion technique. The results, which are shown in Table 2,
demonstrate that the prepared ZnO-NPs result in good zone inhi-

bition against E. coli, S. aureus, P. aeruginosa, B. subtilis,  and S.
acidaminiphila, as determined after the cultures are incubated at
37 ◦C overnight and the colonies were counted. The results show
that the best zone inhibition against E. coli (22 mm), P. aeruginosa
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Fig. 4. (a) Microscopic images of MCF-7 cells after treatment with ZnO-NPs for 24 and 48 h, (b) Mitochondrial activity (assessed by the MTT  assay) in MCF-7 cells exposed
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(
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o  various concentrations of ZnO-NPs for 24 and 48 h. The values are the mean ± SD
cale  bar = 1 mm).

20 mm),  S. aureus (17 mm),  S. acidaminiphila (18 mm),  and B. sub-
ilis (16 mm)  is obtained with the NPs. In contrast, the tested ZnO
alt showed lower inhibition rates compared with the ZnO-NPs
Table 2) against the five pathogens. The data show the zone inhi-
ition results obtained with the ZnO salt against E. coli (12 mm),

. aureus (10 mm),  P. aeruginosa (8 mm),  B. subtilis (8 mm),  and S.
cidaminiphila (7 mm).  The NPs of ZnO, which have a very small
iameter (∼13 ± 2 nm), can easily attach to and enter the inner
urface of the microorganisms. The size of each microorganism is
ree independent experiments. *p < 0.01 and **p < 0.001 vs. the control group (each

approximately 200–250 fold higher than that of the prepared NPs,
which allows them to easily form a film and easily pass through
the cell wall of the microorganisms. The NPs of ZnO react with the
cytoplasm of the microorganisms due their high surface area and
chemical stability, causing its destruction and ultimately leading to

the death of the cell [22–24,41].

Based on the chemical and biological results, we may  assume
that the NPs of ZnO act as cheap anticancer drugs against the can-
cer HepG2 and MCF-7 cells. We  may  also postulate the physical
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Fig. 5. (a) Cell cycle analysis of PI-stained nuclei of MCF-7 cells. Representative FACS images showing the changes in the progression of the normal cell cycle as a function
of  the ZnO-NP concentration are shown. SubG1, which was analysed using a biomarker, represents the percentage of cells that underwent apoptosis/necrosis, (b). Flow
cytometric analysis of the cell cycle progression of MCF-7 cells exposed to ZnO-NPs for 24 h. Each histogram represents the mean ± SD from three independent experiments.
*p  < 0.05 and **p  < 0.01 compared with the control, as determined by one-way ANOVA. G1, S, and G2/M represent the percentages of cells in the normal phases of the cell
cycle,  and SubG1 represents the percentage of cells that underwent apoptosis/necrosis.

Fig. 6. (a) Cell cycle analysis of PI-stained nuclei of HepG2 cells. Representative FACS images exhibiting the changes in the progression of the normal cell cycle as a function of the
ZnO-NP concentration are shown. The SubG1 and G2 M phases, which were analysed using biomarkers, represent the percentage of cells that underwent apoptosis/necrosis
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nd  cell cycle arrest, respectively. (b) Flow cytometric analysis of the cell cycle p
ean  ± SD from three independent experiments. *p < 0.05 and **p < 0.01 compared

ercentages of cells in the normal phases of the cell cycle, and SubG1 represents th

echanism, as described in Section 2.1: spherical-shaped ZnO-NPs

ntered the cancer cells in a dose-dependent manner after incu-
ation for the desired periods (24 and 48 h). In this study, the NPs
rst attached to the outer membrane and then penetrate into the
ancer cell layer. The cells have small pores that help the NPs enter

able 2
one of inhibition of bacterial growth of E. coli, S. aureus, P. aeruginosa, B. sub-
ilis,  and S. acidaminiphila with increasing concentrations of ZnO-NPs or zinc salt
Zn(Ac2)·2H2O. The data represent the mean ± SD of three experiments.

Bacterial strain Zone of inhibition (mm)

Zn(Ac)2·2H2O ZnO-NPs

Escherichia coli 12 ± 1 22 ± 2
Staphylococcus aureus 10 ± 1 17 ± 1.5
Pseudomonas aeruginosa 8 ± 0.3 20 ± 0.57
Bacillus subtilis 8 ± 1 16 ± 0.6
Stenotrophomonas acidaminiphila 7 ± 0.3 18 ± 0.55
sion of HepG2 cells exposed to ZnO-NPs for 24 h. Each histogram represents the
e control group, as determined by one-way ANOVA. G1, S, and G2/M represent the
entage of cells that underwent apoptosis/necrosis.

into the inner membrane. The prepared NPs are able to enter into
cells (∼20 �m)  very easily due to their very small size (∼13 ± 2 nm)
compared to the size of cells [42,43]. The high density of the small
NPs in the liquid system strongly favours the rapid formation of
agglomerates, and it is assumed that these agglomerates of ZnO-
NPs destroy cellular cell organelles, such as DNA, RNA, endoplasmic
reticulum, and mitochondria [43]. The aggregation appears to be a
ubiquitous phenomenon among all nanoparticles [44]. In this study,
we showed that the small ZnO-NPs can be endocytosed by cells and
form aggregates inside the cell, resulting in cytotoxicity [44]. The
addition of the ZnO nanoparticles to cell lines may  result in cell
death depending on the size of the nanomaterials. The cell death
may  depend on the cell type, experimental procedures, concentra-

tions, efficiency of the cellular uptake, and duration of exposure
[45–47]. In effect, our findings show that the efficiency of the
cellular uptake of ZnO-NPs and the resultant intracellular concen-
tration may  be responsible for the cytotoxicity of ZnO-NPs at higher
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Fig. 7. Effect of ZnO-NPs on mRNA expression levels of apoptotic markers in HepG2
cells. The cells were treated with ZnO-NPs at a concentration of 50 �g/ml for 24 h.
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oncentrations. An increase in the concentration of the NPs in the
ell suspension result in more NPs attaching to the cells walls and
ntering the cytoplasm to react with and destroy an increasing
umber of cellular organelles, which leads to cell death. ROS (reac-
ive oxygen species) are another factor because it produced in cells
ith NPs and are responsible for the formation of free radicals that
enetrate the outer walls of the cells and enter the inner wall of the
embrane. These free radicals react with the cellular organelles to

ause enzymatic changes and promote the disorganisation of the
ellular contents. Oxidative stress plays an important role in the
oxicity of NPs, and it is suggested that the extreme generation of
OS through NPs reduces the cellular antioxidant capacity [48,49].
he mechanism through which ZnO-NPs are responsible for the
egulation of the growth or destruction of cellular organelles and
heir biochemical and enzymatic changes in cancer cells is under
nvestigation, and further study is required to investigate the role
f ZnO-NPs in HepG2 and MCF-7 cancer cells [43]. Most previous
oxicity studies have employed metal oxide nanostructures at a
igh concentration, and it is thus difficult to assess the effect of
uman exposure. We  hypothesise that the use of ZnO-NPs, which
re biocompatible at lower concentrations, would be helpful for the
ontrol of the growth of cancer cells and would have no adverse
ffect on the body [50]. Additionally, the prepared ZnO-NPs were
lso tested in an antibacterial study against five pathogens, namely
. coli,  S. aureus,  P. aeruginosa,  B. subtilis,  and S. acidaminiphila,  via the
isk diffusion method, and their antibacterial potential was  com-
ared with that of zinc salt. The results show that the NPs are more
otent against bacteria than the salt of zinc oxide (Table 2), and this
ffect may  be due to the size of the nanoparticles, which are very
mall and can easily enter through the bacterial membrane [23,24].

. Conclusions

In summary, the prepared nanoparticles of zinc oxide were suc-
essfully synthesised via a soft chemical solution process. The NPs
ere characterized in terms of their chemical and optical prop-

rties using standard characterization tools, such as XRD, FESEM,

EM, UV–vis spectroscopy, and FTIR spectroscopy. The NPs were
sed at a very low concentration and were found to exhibit activity
gainst HepG2 and MCF-7 cancer cells in a dose-dependent manner.
he results of the antiproliferative studies clearly demonstrate that

[

[

[
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treatments with NPs sensitise cancer cells. The degree of apoptosis
was found to be enhanced with an increase in the concentration of
NPs, and a significant concentration of NPs resulted in cellular death
in both cell lines. The importance of the present study lies in the
possibility that the next-generation NPs may  be more efficacious as
antiproliferative agents. However, a detailed investigation of these
NPs and their stability under biological conditions is required. The
results of our study demonstrate that ZnO-NPs induce cytotoxicity
and apoptosis in HepG2 and MCF-7 cancer cells, and this effect is
likely mediated through ROS generation and oxidative stress. The
NPs were also tested against E. coli, S. aureus,  P. aeruginosa,  B. sub-
tilis, and S. acidaminiphila through the disk diffusion method and
achieved a higher reduction in bacterial proliferation than did the
control treatment.
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